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Introduction
The dissimilar distribution of white adipose tissue over the intra-abdominal and subcutaneous fat compartments depends on factors like gender, age, and nutritional condition. Local effects of humoral factors can-
The wealth of clinical epidemiological data on the association between intra-abdominal fat accumulation and morbidity sharply contrasts with the paucity of knowledge about the determinants of fat distribution, which cannot be explained merely in terms of humoral factors. If it comes to neuronal control, until now, adipose tissue was reported to be innervated by the sympathetic nervous system only, known for its catabolic effect. We hypothesized the presence of a parasympathetic input stimulating anabolic processes in adipose tissue. Intra-abdominal fat pads in rats were first sympathetically denervated and then injected with the retrograde transneuronal tracer pseudorabies virus (PRV). The resulting labeling of PRV in the vagal motor nuclei of the brain stem reveals that adipose tissue receives vagal input. Next, we assessed the physiological impact of these findings by combining a fat pad-specific vagotomy with a hyperinsulinemic euglycemic clamp and RT-PCR analysis. Insulin-mediated glucose and FFA uptake were reduced by 33% and 36%, respectively, whereas the activity of the catabolic enzyme hormone-sensitive lipase increased by 51%. Moreover, expression of resistin and leptin mRNA decreased, whereas adiponectin mRNA did not change. All these data indicate an anabolic role for the vagal input to adipose tissue. Finally, we demonstrate somatotopy within the central part of the autonomic nervous system, as intra-abdominal and subcutaneous fat pads appeared to be innervated by separate sympathetic and parasympathetic motor neurons. In conclusion, parasympathetic input to adipose tissue clearly modulates its insulin sensitivity and glucose and FFA metabolism in an anabolic way. The implications of these findings for the (patho)physiology of fat distribution are discussed.
This article was published online in advance of the print edition. The date of publication is available from the JCI website, http://www.jci.org. J. Clin. Invest. 110:1243-1250 (2002) . doi:10.1172/JCI200215736. thetic innervation, however, was reported to be absent. In the energy-spending, catabolic state of the body, the sympathetic nervous system is predominant (11) , whereas in the energy-saving anabolic state, the parasympathetic branch prevails (12, 13) . Therefore, we hypothesized the presence of parasympathetic innervation in order to explain the buildup of adipose tissue.
To investigate the innervation of adipose tissue, we used two neuronal retrograde tracers. We injected a retrograde tracer, FluoroGold (Fluorochrome, Englewood, Colorado, USA), and a transsynaptic retrograde tracer, pseudorabies virus (PRV), which is taken up exclusively by neuronal terminals and transported toward the cell body (14) (15) (16) (17) (18) (19) (20) into different fat pads in rats. Here, we show that all these fat pads receive parasympathetic input.
In order to asses the physiological impact of the parasympathetic innervation, we applied a hyperinsulinemic euglycemic clamp to determine glucose and FFA uptake in intact as well as in vagotomized retroperitoneal fat pads in the same animal. Sham operated animals were used as a control. Furthermore, we established the activity of hormone-sensitive lipase (HSL), a marker of lipolysis, and the expression of leptin, resistin, and adiponectin mRNA after fat pad-specific vagotomy.
Finally, we hypothesized a selective control of fat compartments by the autonomic nervous system as a neuroanatomical basis for body fat distribution. First, we investigated the organization of parasympathetic motor neurons projecting into the intra-abdominal or subcutaneous compartments. Two retrograde tracers were simultaneously injected into two different fat pads in a single animal: FluoroGold into subcutaneous inguinal fat and PRV into sympathetically denervated retroperitoneal fat. The latter has been reported to be metabolically comparable to omental fat tissue (21) . The combination of tracers was used because Fluoro-Gold rapidly and retrogradely fills all neurons that innervate a particular organ, and it is not transported transsynaptically like PRV is. By combining PRV with selective sympathetic denervation, its transport was restricted to the parasympathetic branch of the autonomic nervous system.
Thus, we used neuroanatomical, physiological, and molecular biological methods to elucidate the presence and functionality of parasympathetic input to adipose tissue. Moreover we demonstrated a specialization of autonomic motor neurons projecting into one fat compartment only.
Methods

PRV tracing
Retrograde transneuronal labeling of PRV, a swine neurotrophic α herpes virus, was applied in this study. Uptake, but not replication, by glial cells prevents diffusion of the virus to other neurons (14) (15) (16) (17) (18) (19) (20) .
Intravenous deposition of 5 µl PRV suspension containing 5 × 10 6 plaque-forming units [a generous gift of C.E. Jacobs (Institute for Animal Science and Health, Lelystad, The Netherlands)] in the abdominal cavity or on top of a fat pad did not result in labeling of the CNS in six male Wistar rats. Similarly, complete denervation of a fat pad followed by PRV injection in five animals did not result in infection of the CNS. Thus, labeling via blood capillaries in the fat pad did not occur.
Fifteen animals received a single injection of 5 µl of a suspension of the Bartha strain of PRV (PRV-Bartha) containing 5 × 10 6 plaque-forming units. The injection was performed using a 30-gauge needle connected to a Hamilton syringe at a single spot 1 cm below the most rostral tip of the left retroperitoneal fat pad. By carefully controlling the amount and site of injection, we obtained a reproducible infection rate. In our experience, multiple injections can result in uncontrolled superinfection, probably due to more rapid proliferation of neuronal PRV, resulting in faster lysis of neurons.
Since the level of PRV labeling progresses with time (15), we denote the first neurons in the CNS that were shown to contain PRV as the "first-order neurons." These were all sympathetic and parasympathetic motor neurons. Sacrificing the animals on several time points (3-4 days after injection of PRV), we followed the progress of infection retrogradely from the autonomic motor neurons to the preautonomic neurons (the "second-order neurons") and further upstream. We analyzed five intact animals with firstand second-order infection.
Sympathetic denervation. Twenty-eight animals were used to develop the procedure of sympathetic denervation of the retroperitoneal fat pad. In a series of experiments, we dissected different nerves entering the left retroperitoneal fat pad and then injected PRV. Successful denervation was achieved when the PRV injection resulted in staining of the vagal motor nuclei of the brain stem, but not staining in the spinal cord (see Figure 1 ). With this approach, the vagal input could be identified and a reproducible denervation technique was developed. The autonomic input to the retroperitoneal fat pad is characterized by diffuse sympathetic nerve fibers, running mostly along blood vessels from the lateral and dorsal directions, and one focused vagal input nerve traveling along blood vessels from the diaphragm into the fat pad.
For histological analysis, sympathetic nerves were removed from a fat pad in 15 animals just prior to PRV injection. The left retroperitoneal fat pad was dissected completely from the connecting tissues except for the nerve bundle traveling along a blood vessel from its rostral tip to the diaphragm. The fat pad was lifted up and inspected for residual nerve bundles. Then PRV was injected in the same way as described above.
Parasympathetic denervation. For the physiological experiments, we reversed the sympathetic denervation procedure. Instead of removing all diffuse input (which has been shown to be sympathetic) and leaving the vagal input along the blood vessel from the rostral tip to the diaphragm intact, we dissected the vagal input only. His-tological control experiments were conducted to examine the reproducibility of this procedure. We showed in eight of eight animals the absence of any labeling in the vagal motor nuclei after 4 days of survival.
Histological techniques. After 3 days and 4 days, the animals were perfused with saline and then a solution of 4% paraformaldehyde and 0.15% glutaraldehyde in PBS (pH 7.4). They were postfixed overnight and cryoprotected by immersion with 30% sucrose in 0.2 M PBS (pH 7.4) for a further 24 hours. Brain and spinal cord were frozen and coronal sections (40 µm) were cut. After rinsing in 0.05 M Tris-buffered saline (pH 7.4), brain sections were incubated overnight at 4°C with a polyclonal rabbit anti-PRV (anti-α-Aujeszky) antibody (1:10,000; a generous donation of C.E. Jacobs, Institute for Animal Science and Health), then incubated for 60 minutes in the secondary antibody, biotinylated goat anti-rabbit (Vector Laboratories Inc., Burlingame, California, USA), followed by incubation in ABC complex (Vector Laboratories Inc.). Finally, the sections were reacted with 0.025% 3,3-diaminobenzidine tetrahydrochloride in Tris-buffered saline containing 0.5% H 2 O 2 .
The light microscopy color figures were imported using a Zeiss axioplan 2 microscope (Zeiss, Jena, Germany) fitted with a Progress Camera 3012 (Jenoptik, Jena, Germany). The figures were of 1,488 × 1,120 pixel size in RGB 24-bit true color. Contrast and color were adapted using Adobe Photoshop (Adobe Systems Inc., Mountain View, California, USA) without any other image manipulation.
Glucose and FFA uptake and HSL activity
Animals were either parasympathetically denervated on one side (n = 6, see section on parasympathetic denervation, above) or sham operated (n = 6). Permanent catheters were placed in the jugular vein for infusion and in the inner carotid artery for sampling (22, 23) . After 7 days, two pumps were started, one for input of insulin (Actrapid; Novo Nordisk, Chartres, France) at a constant rate of 3.5 mU/kg/min and another for D-glucose (25% solution; Sigma-Aldrich, St. Louis, Missouri, USA). Insulin levels increased to 450 ± 160 versus 533 ± 170 pmol/l, sham versus vagotomy, respectively, while the D-glucose pump was adjusted to maintain blood glucose around 6.0 mM (6.5 ± 1.0 versus 6.6 ± 0.7, sham versus vagotomy, respectively). After glucose reached steady-state levels (∼1 hour), a bolus of 3 H-2-deoxy-D-glucose (20 µCi; Amersham International, Little Chalfont, United Kingdom) was given to trace tissuespecific glucose uptake. Forty-five minutes later, a bolus of 14 C-palmitate (10 µCi; Amersham International) was given to trace tissuespecific FFA uptake. One minute later the animals were killed.
To determine adipose glucose uptake, fat pads were homogenated in water and boiled for 10 minutes. After centrifugation, 3 H-2-deoxy-D-glucose-phosphate was separated from free 3 H-2-deoxy-D-glucose (present in plasma) by ion-exchange chromatography (Dowex-column X-100; Sigma-Aldrich) to measure tissue glucose uptake. 3 H-2-deoxy-D-glucose is taken up by the tissue, converted into 3 H-2-deoxy-D-glucose-phosphate, and not metabolized further (24) .
Adipose FFA uptake was determined in homogenized fat pads after lipid extraction (25) . We confirmed by TLC that no 14 C FFAs were incorporated in the lipid fractions (triglycerides and cholesteryl esters).
HSL activity was determined by homogenization of 200 mg of fat pad in buffer containing protease inhibitors (26) . The homogenates were centrifuged and the supernatant was used to determine HSL activity with cholesteryl-14 C-oleate (Amersham International) as a substrate. All determinations were done in duplicate.
Leptin, resistin, adiponectin, and reference gene mRNA expression
The left retroperitoneal fat pad of nine animals was parasympathetically denervated and was compared 
Figure 1
Transverse section of the spinal cord (at Th7) and the rat brain stem at the level of the obex shows spinal cord and brain stem neurons projecting into adipose tissue. Transneuronal retrograde tracing by PRV injection into retroperitoneal fat in rats before (a and b) and after (c and d) sympathetic denervation of adipose tissue. In a and b (PRV tracing from adipose tissue before denervation), since both sympathetic and parasympathetic fibers are intact, PRV is seen to spread via the vagus and the sympathetic nerves. Interestingly, the route via the IML is favored in intact animals such that second-order neurons in the brain stem are already evident when the first-order parasympathetic motor neurons appear in the DMV (arrow). In b, the A1 region, the raphe nucleus (R), and the nucleus of the solitary tract (NTS) project into the sympathetic motor neurons. In c (with d, showing PRV tracing after sympathetic denervation of the left retroperitoneal fat pad), there is no labeling of PRV in the IML. In the brain stem shown with the intact right pad. Seven days later, the retroperitoneal fat pads were removed and directly frozen in liquid nitrogen. RNA extraction was performed in Trizol (Life Technologies Inc., Gaithersburg, Maryland, USA) according to the instructions of the manufacturer. Total RNA was reverse transcribed using 2 µg of RNA, 500 ng of oligo-dT, and 200 U reverse transcriptase (SuperScript II RT; Life Technologies Inc.) for 1 hour at 37°C. Quantitative assessment of mRNA levels was performed using a GeneAmp 5700 sequence detection system (PE Biosystems, Foster City, California, USA). RT-PCR was performed using the SYBR Green core reagents kit (PE Biosystems). Primer pairs were designed using Primer Express software (Applied Biosystems, Foster City, California, USA): adiponectin (NM009605), ACAAGGCCGTTCTCTTCACCTA and GGTCCACAT-TCTTTTCCTGATACTG; leptin (D49653), GGAAGC-CTCGCTCTACTCCA and GAATGTCCTGCAGAGAGCCC; and resistin-α (AF323085), GCTCGTGGGACATT-CGTGA and CGGGCTGCTGTCCAGTCTA. As a reference, the expression of elongation factor-1α (X63561) was used: AAGCTGGAAGATGGCCCTAAA and AAG-CGACCCAAAGGTGGAT. Amplification efficiency was between 1.98 and 2.07 for the four PCR reactions considered in this study. Sham-operated animals served as control.
Somatotopy: FluoroGold/PRV tracing Brain stem. Seven animals received a 2-µl injection of 2% FluoroGold solution, a retrograde neuronal tracer, in the left subcutaneous inguinal fat pad. Simultaneously, a 5-µl injection of PRV solution was applied to the sympathetically denervated left retroperitoneal fat pad to show the somatotopic organization of the dorsal motor nucleus of the vagus (DMV). Spinal cord sections were controlled for the absence of PRV as described above. Five animals with only first-order neuronal labeling were included for analysis. In the control group, both tracers were injected into the left sympathetically denervated retroperitoneal fat pad (three of five animals with first-order infection were included for analysis). Brain stem sections were incubated overnight at 4°C with a polyclonal rabbit anti-FluoroGold antibody (1:15,000; Sigma-Aldrich) and polyclonal mouse anti-PRV (a generous donation of C.E. Jacobs, Institute for Animal Science and Health), and then incubated for 60 minutes with the FITC-conjugated secondary antibody to detect PRV and the CY3-conjugated secondary antibody to detect FluoroGold as described above.
Spinal cord. Sixteen animals received, at the same time, two different strains of PRV: PRV-Bartha β-galactosidase B80 (PRV β-gal) and PRV green fluorescent protein (PRV-GFP). A total of 5 × 10 7 plaque-forming units were given of each PRV. PRV β-gal was injected into subcutaneous inguinal fat and PRV-GFP into mesenteric fat without denervation. Animals were sacrificed after 3 days. Both PRV strains showed the same infection rate. As a control, 11 animals (four with first-order labeling included for analysis) received injections of both viruses into the same fat pad.
Sections of thoracic segments of the spinal cord were incubated overnight at 4°C with polyclonal rabbit anti-PRV-GFP (Molecular Probes Inc., Eugene, Oregon, USA) and polyclonal mouse anti-PRV β-gal (Sigma-Aldrich) and then incubated for 60 minutes with the FITC-conjugated secondary antibody to detect PRV β-gal and the CY3-conjugated secondary antibody to detect PRV-GFP.
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Figure 2
Uptake of glucose and FFA, and HSL activity in adipose tissue after parasympathetic denervation. The left retroperitoneal fat pad was either parasympathetically denervated (n = 6) or sham operated (n = 6). Using a hyperinsulinemic euglycemic clamp, the uptake of 3 H-2-deoxy-D-glucose and 14 C-palmitate and the activity of the catabolic enzyme HSL were defined. Under these hyperinsulinemic conditions, glucose uptake in the denervated fat pad was reduced by 33% (by Mann-Whitney U test, *P = 0.02) and FFA by 36% (Mann-Whitney U test, *P = 0.02); HSL activity increased by 51% (Mann-Whitney U test, **P = 0.03). Thus, parasympathetic denervation of adipose tissue shifts the metabolism to a catabolic state: uptake of substrate is decreased, while lipolysis increases. Values are expressed as mean ± SEM. dpm, disintegrations per minute.
Results
Parasympathetic innervation of adipose tissue
Neuroanatomy. In the control experiments, intravenous deposition of PRV in the abdominal cavity, on top of a fat pad or into a completely denervated fat pad, never resulted in labeling of the CNS. In contrast, after injection of PRV into the intact retroperitoneal fat pad, the sympathetic preganglionic motor neurons in the intermediolateral column of the spinal cord (IML) were rapidly labeled by PRV. In a later stage of infection (4 days survival), the DMV and nucleus ambiguus (AMB) plus multiple sites in the brain stem and hypothalamus became visible (Figure 1) . Microsurgical denervation of all sympathetic fibers entering the retroperitoneal fat pad combined with injection of PRV selectively infected the antagonistic vagal branch alone without labeling in the spinal cord, where the sympathetic motor nuclei are situated. Six animals were allowed to survive for 3 days and five for 4 days. All animals denervated according to this procedure showed complete sympathetic denervation as evidenced by the absence of sympathetic labeling in the spinal cord. Six animals showed infection beyond the DMV and revealed second-order labeling, while five animals showed first-order labeling only. Among the six animals killed after 3 days, five showed first-order labeling only and one had no staining.
PRV labeling appeared in parasympathetic motor nuclei (DMV and AMB). Subsequently, areas that project into the vagal motor neurons became infected in the brain stem (rostroventrolateral medulla, nucleus of the solitary tract [NTS]), and the hypothalamus (paraventricular nucleus, lateral hypothalamic area).
Physiology. Plasma levels of glucose, insulin, FFAs, cholesterol, glycerol, and triglycerides did not differ between the animals that had the left retroperitoneal fat pad locally vagotomized and the sham-operated animals. Analyzing the ratio between intact and parasympathetically denervated fat pads revealed a 33% (by Mann-Whitney U test, P = 0.02) reduction in insulin-mediated glucose uptake and a 36% (by Mann-Whitney U test, P = 0.02) reduction in insulin-mediated FFA uptake in vagotomized fat pads (Figure 2) . Interestingly, concurring with the reduced FFA uptake in the vagotomized fat pad, the activity of the catabolic enzyme HSL, the most important enzyme involved in hydrolyzing triglyceride in adipose tissue, increased by 51% (Mann-Whitney U test, P = 0.03).
Endocrine function. Compared with the intact right retroperitoneal fat pad, resistin and leptin mRNA expression after fat pad-specific vagotomy on the left side decreased by 71% (Mann-Whitney U test, P = 0.001) and 45% (Mann-Whitney U test, P = 0.004) respectively, whereas adiponectin and reference gene mRNA did not change significantly (Figure 3 ). In the control group, mRNA expression of leptin, resistin, adiponectin, and reference gene did not change after sham operations.
Somatotopy
After injection of FluoroGold into the subcutaneous inguinal fat pad and PRV into the sympathetically denervated retroperitoneal fat pad in the same animal, both retrograde tracers were demonstrated within cell bodies of the parasympathetic motor nuclei of the vagus nerve. In all five animals that showed first-order labeling only, the tracers were localized in the same nuclei but in different neurons, which demonstrates a separation of autonomic control at the level of the parasympathetic motor neuron (Figure 4 ). Vagal motor neurons in the DMV projecting into intra-abdominal fat pads tended to be localized medially to the neurons projecting into subcutaneous fat. As a control, we injected both Fluoro-Gold and PRV into the same sympathetically denervated fat pad. This resulted in colocalization of the tracers, confirming the specificity of the method. Next, the organization of sympathetic motor neurons was investigated by injecting two different strains of PRV: one carrying β-gal into mesenteric fat and the other, with GFP as a marker, into subcutaneous fat. After 3 days, the first neurons appeared in the IML (thoracic segments Th5-Th10). Four animals displaying only firstorder labeling of both PRV strains in the sympathetic motor nuclei in the IML were included for analysis. The other animals showed either no infection (two animals), infection with only one PRV strain (eight animals), or a massive infection (two animals). The IML also exhibited staining of the two PRVs, but again in separate neurons ( Figure 5 ). In contrast, if injected into the same fat 
Figure 3
Hormone mRNA expression in adipose tissue after parasympathetic denervation. The left retroperitoneal fat pad was parasympathetically denervated (n = 9) and compared with the right intact pad for the expression of mRNA of resistin, leptin, adiponectin, and elongation factor-1α (as a reference gene) by means of real-time RT-PCR. Shamoperated animals were used as control (n = 5). While resistin and leptin mRNA expression was reduced (-71%, Mann-Whitney U test, *P = 0.001; -45%, Mann-Whitney U test, **P = 0.004, respectively), adiponectin and reference mRNA did not change significantly. Thus, parasympathetic denervation of adipose tissue specifically changes mRNA expression of fat-derived hormones. One relative unit is the equivalent cDNA corresponding with 0.1 µg per well of the pooled cDNA of the control fat pads. Values are expressed as mean ± SEM.
pad (mesenteric or subcutaneous inguinal) as a control, both strains of PRV were found in the same neurons.
Discussion
Adipose tissue receives sympathetic and parasympathetic control. PRV injected into the adipose tissue of intact animals resulted in a more rapid labeling of sympathetic motor neurons than occurred in vagal motor neurons.
Recent studies have shown that neuronal tracing can be modulated by neuronal activity (27, 28) . Also in our study the activity of the vagus nerve modulated the velocity of PRV replication and transport. In the next stage of infection, the transneuronal tracer PRV labeled preautonomic neurons (second order neurons) in brain stem and hypothalamus projecting into the sympathetic motor neurons. In that stage neurons also became visible in the dorsal vagal complex, in which sympathetically-labeled NTS neurons were in proximity to the vagal first-order neurons, making their classification infeasible. This probably explains why parasympathetic innervation of adipose tissue was not noticed in the experiments of Bamshad et al., although their schematic figures showed labeling throughout the dorsal vagal complex (including the DMV) (9) . To distinguish between vagal motor neurons and preautonomic neurons projecting into sympathetic motor neurons, we used two different methods. First, we applied FluoroGold, a nontransneuronal retrograde tracer that reaches the CNS only via preganglionic parasympathetic motor neurons. We found vagal input to various different fat pads (retroperitoneal, mesenteric, epididymal, and subcutaneous inguinal fat). Second, a combination of sympathetic denervation of retroperitoneal fat followed by injection of the transneuronal retrograde tracer PRV prevented infection of the spinal cord, but showed infection of the DMV and AMB. Cutting the readily labeled sympa-thetic branch forces the virus through the residual branch. As infection continues in an upstream direction, neurons projecting into the vagal motor neurons (i.e., the NTS and rostroventrolateral medulla) become infected. The projection of the same brain areas into vagal motor neurons has been reported earlier from studies of the innervation of the pancreas (20) .
At present we cannot answer the question of which transmitters are used by the vagal system to affect adipose tissue. The transmitters used by the vagal system may be (a) acetylcholine, (b) acetylcholine in combination with nitric oxide and/or vasoactive intestinal peptide, or (c) nitric oxide with vasoactive intestinal peptide without acetylcholine (29, 30) .
The parasympathetic input to adipose tissue demonstrated in this study illustrates that white adipose tissue receives a dual autonomic control like other (endocrine) organs (4) .
Parasympathetic input to adipose tissue modulates insulinmediated glucose uptake and FFA metabolism in an anabolic way and can selectively modulate its endocrine function. Selective denervation of an intra-abdominal fat pad was chosen instead of subdiaphragmatic vagotomy because the latter changes the neuronal communication between the brain and the whole intra-abdominal compartment (e.g., liver, pancreas, stomach, and intestines). The local vagotomy of one retroperitoneal fat pad allows its comparison with the intact pad on 1248
Figure 5
Somatotopic organization of the sympathetic nervous system. Sympathetic motor neurons project into one fat compartment only (subcutaneous or intra-abdominal). Two strains of PRV were injected simultaneously into the intra-abdominal fat compartment (mesenterial fat) and the subcutaneous fat compartment (subcutaneous inguinal fat). Confocal laser scanning photomicrograph of transverse thoracic spinal cord sections (Th5-Th10). Both tracers were transported back to the IML and show clear separation of the different tracers (red/green). Insert (control): Injection of both tracers into the same mesenterial fat pad resulted in colocalization of the two tracers (yellow). Specific laser analysis of the indicated neuron (arrow) also showed colocalization of the tracers with a strong signal of FITC (green) and a much weaker signal of CY3 (red). Bar = 50 µm.
Figure 4
Somatotopic organization of the parasympathetic nervous system. Laser scanning photomicrograph of transverse sections of the brain stem. the other side. In addition, because of the surgical complications associated with removing the diffuse sympathetic input, we chose to investigate vagotomy only. Insulin-dependent uptake of glucose and FFAs in adipose tissue was strongly reduced after fat pad-specific vagotomy, while the activity of the catabolic enzyme HSL was increased. The opposite directions of the observed changes indicate that they do not merely reflect a gross change in metabolism or circulation but indeed reflect specific catabolic changes in the adipose tissue after vagotomy. The results show that the anabolic effect of the parasympathetic nervous system on adipose tissue antagonizes the wellknown catabolic effect of the sympathetic nervous system (31) . Moreover, the endocrine function of adipose tissue is selectively modulated by parasympathetic input. Leptin and resistin mRNA synthesis is decreased in vagotomized fat pads, while adiponectin mRNA synthesis does not change. Thus, the data show a stimulation of the release of resistin and leptin by the vagus nerve (32, 33) .
Our results clearly show the physiological impact of parasympathetic innervation on intra-abdominal adipose tissue, indicating its potential to stimulate glucose and FFA uptake, i.e., growth of adipose tissue. The parasympathetic input might mediate in the etiology of obesity by directly influencing the metabolic state of adipose tissue.
Body fat distribution reflects central somatotopic organization. The present study revealed the capacity of the CNS to directly control adipose tissue by means of two different principles: a balance of the sympathetic and parasympathetic output and a selective control of the output with respect to the site of the fat compartment. In other terms, individual central autonomic neurons are specialized to control one fat compartment. Earlier studies of selective peripheral sympathetic control of adipose tissue support our findings (34) .
This viscerotopic or rather somatotopic organization reveals the potential of the autonomic motor centers of both branches to selectively affect the anabolism and/or catabolism of either subcutaneous or intra-abdominal fat. Future studies will have to determine whether this somatotopic organization of the autonomic nervous system forms the anatomical basis for the dissociation of intra-abdominal and subcutaneous fat accumulation, i.e., body fat distribution (e.g., in the metabolic syndrome, Cushing syndrome, or AIDS lipodystrophy) (35) (36) (37) (38) (39) (40) . It is possible that a misbalanced autonomic outflow to the intra-abdominal compartment, including liver, pancreas, and intra-abdominal fat, is an important factor in the pathogenesis of prevalent diseases related to intra-abdominal obesity.
In summary, we show that adipose tissue receives vagal input, modulates its metabolism in an anabolic way, and can selectively stimulate endocrine function. In addition, we demonstrate that parasympathetic innervation differentially modulates the endocrine function of adipose tissue. Finally, we demonstrate a somatotopic organization with respect to the selective innervation of subcutaneous versus intra-abdominal fat by both the sympathetic and parasympathetic nervous systems.
